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Abstract. Differential cross-sections for quasi-free pi0 photoproduction from the proton and neutron bound
in the deuteron have been measured for Eγ = 200 − 400 MeV at θ
lab
γ = 136.2
◦ using the Glasgow photon
tagger at MAMI, the Mainz 48 cm Ø × 64 cm NaI(Tl) photon detector and the Go¨ttingen SENECA recoil
detector. For the proton measurements made with both liquid deuterium and liquid hydrogen targets allow
direct comparison of “free” pi0 photoproduction cross-sections as extracted from the bound proton data
with experimental free cross sections which are found to be in reasonable agreement below 320 MeV. At
higher energies the “free” cross sections extracted from quasifree data are significantly smaller than the
experimental free cross sections and theoretical predictions based on multipole analysis. For the first time,
“free” neutron cross section have been extracted in the ∆-region. They are also in agreement with the
predictions from multipole analysis up to 320 MeV and significantly smaller at higher photon energies.
PACS. 13.60.Le Meson production – 14.20.Dh Proton and neutron – 25.20.Lj Photoproduction reactions
1 Introduction
Single-pion photoproduction has been a subject of exten-
sive experimental and theoretical investigation for many
decades. This reaction is one of the main sources of infor-
mation on nucleon structure. It allows investigation of res-
onance excitations of the nucleon, especially the ∆(1232)
excitation, and their photo-decay amplitudes. The pion
photoproduction amplitude is used as an input when cal-
culating pion photoproduction from heavier nuclei and in
the dispersion analysis of nucleon Compton scattering.
This reaction also serves as a test of our understanding
of the chiral pion-nucleon dynamics. A well-known exam-
ple is the demonstration that chiral perturbation theory
accurately describes the very precise data on the S-wave
multipole E0+ and the P -wave amplitudes of π
0 photo-
production on the nucleon in the threshold region [1,2].
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Experimental investigation of pion photoproduction on
the nucleon has a long history. More than seventeen thou-
sand data points form the modern data base of pion pho-
toproduction at energies up to 2 GeV [3]. Almost all of
them are data on the charged channels on both nucleons
and on the γp → π0p channel. The contribution of the
γn→ π0n reaction to this base amounts to only 120 data
points at energies up to 905 MeV obtained in 1970’s at
the Frascati synchrotron [4] and at the Tokyo synchrotron
[5,6]. However, no direct measurements of quasi-free π0
photoproduction on the neutron using a deuterim target
have been carried out. Instead, the ratio R = dσ(γd →
π0nps)/dσ(γd → π0pns) was measured where ps and ns
are the spectator proton and neutron, respectively, and
used to obtain the free-neutron cross-section based on the
assumption that R is a good approximation also for the
ratio of the free cross-sections dσ(γn → π0n)/dσ(γp →
π0p). Though the method may be reasonable in princi-
ple, the data points obtained from those works are of very
limited precision.
Following a proposal made in Ref. [7] (see also Ref. [8])
an experiment has been carried out at the 855 MeV mi-
crotron MAMI-B, where the primary goal was to measure
differential cross-sections for neutron Compton scattering
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in quasi-free kinematics using a deuterium target [9,10,
11]. For that experiment the incident photon energy was
chosen to be in the region from 200 MeV to 400 MeV.
For the Compton scattering experiment the produced π0
mesons are a source of background photons due to their
2 γ decay, which has to be eliminated in the analysis. In
the present paper these events were used to obtain dif-
ferential cross sections for π0 photoproduction from the
proton and neutron bound in the deuteron. By replacing
the deuterium target by a hydrogen target π0 photopro-
duction from the free proton was also measured under the
same kinematic conditions. It should be noted that the
present data are the first where the quasi-free events were
identified through a coincidence between one of the π0
decay photons and the recoiling nucleon.
2 Experiment
The experimental arrangement installed at the Glasgow
photon tagger at MAMI [12] and outlined in Fig. 1 has
been described previously [9,10,11]. This allows us to give
here only a short description. The large Mainz 48 cm Ø ×
64 cm NaI(Tl) detector [13,14] was positioned at a scatter-
ing angle of θlabγ = 136.2
◦ (nominally 135◦). The energy
resolution of this detector is 1.5% in the ∆ energy re-
gion and its detection efficiency 100%. The recoil nucleons
were detected with the Go¨ttingen SENECA detector [15]
positioned at an average emission angle of θN = −18◦,
thus covering the angular range corresponding to quasi-
free kinematics. This angle was optimized for Compton
scattering but sufficiently covers also the range required
for π0 photoproduction where the average emission an-
gle is θN = −15◦. Effects of the variation of the emission
angle are precisely taken into account by computer simu-
lation. A target to recoil detector distance of 250 cm was
chosen as a compromise between the energy resolution for
the time-of-flight measurement, ∆En/En ≈ 10%, and the
geometrical acceptance ∆Ωn ≈ 90msr. As target a 5 cm
Ø × 15 cm Kapton cell filled with liquid deuterium was
used. By filling the same cell with liquid hydrogen it was
possible to investigate quasi-free and free π0 photoproduc-
tion on the proton under identical kinematic conditions.
SENECA consists of 30 hexagonally shaped cells filled
with NE213 liquid scintillator (15 cm in diameter and 20 cm
in length) mounted in a honeycomb structure. Veto-detectors
in front of SENECA provided the possibility to identify
charged background particles and to discriminate between
neutrons and protons. This allowed clean separation be-
tween quasi-free Compton scattering and π0 photoproduc-
tion from the proton and neutron detected in the same
experiment. The detection efficiency of the veto-detectors
for protons was implemented in the Monte Carlo program
[16]. The detection efficiency for neutrons was measured
in situ by analysing events from the p(γ, π+n) reaction
leading to ǫn = 18% [11] on the average. The new data for
ǫn being valid on a few percent level of precision are used
to correct the results of computer simulations. For further
details see [11]. The momenta of the recoil nucleons were
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Fig. 1. The experimental setup used to measure quasi-free
Compton scattering from the bound neutron and proton. The
scattered photons were detected with the large volume NaI(Tl)
detector, the recoiling neutrons and protons with the SENECA
detector system. Liquid deuterium and liquid hydrogen were
used as target materials. The target cells are mounted in a
scattering chamber having a Kapton window downstream the
photon beam to reduce the energy loss of the protons on their
way to SENECA.
measured using the time-of-flight (TOF) technique with
the NaI(Tl) detector providing the start signal and the
SENECA modules providing the stop signals.
Data were collected during 238h of beam time with
a deuterium target and 35h with a hydrogen target. The
tagging efficiency, being 55%, was measured several times
during the runs by means of a Pb-glass detector moved
into the direct photon beam, and otherwise monitored by
a P2 type ionization chamber positioned at the end of the
photon beam line.
3 Data analysis
Before analysing the data obtained with the deuterium
target the corresponding analysis of data obtained with
the hydrogen target was carried out. In this case the sep-
aration of events from Compton scattering and π0 photo-
production can be achieved by the NaI(Tl) detector alone,
but the detection of the recoiling proton improves the sep-
aration, especially for energies near the peak of the ∆ res-
onance. A typical spectrum is shown in panel a of Fig. 2.
The data obtained for the free proton have been used to
optimize the analysis procedure for the bound nucleon.
For the separation of events from Compton scatter-
ing and π0 photoproduction it is convenient to use two-
dimensional scatter plots of events with the missing nu-
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Fig. 2. Panel a: Number of proton events obtained with a hy-
drogen target versus the missing photon energy Emissγ . Panel
b: The same as panel a but for proton events obtained with
a deuterium target. Panel c: Scatter plot of proton events ob-
tained with a deuterium target. Abscissa and ordinate are the
missing energies of the scattered photon and the recoil proton,
respectively. The thick solid line separates Compton events lo-
cated in the vicinity of the origin and (γ, pi0) events shown as a
dark range. For the further evaluation each point in the scatter
plot was rotated (moved on a circle centered at the origin), un-
til the thick solid line was perpendicular to the abscissa. Panel
d: Projection of proton events obtained with a deuteron target
after rotation (solid line) and before rotation (broken line).
cleon energy EmissN = E
calc
N − ESENN and the missing pho-
ton energy Emissγ = E
calc
γ −ENaIγ as the parameters, where
ESENN and E
NaI
γ denote measured energies and E
calc
N and
Ecalcγ the corresponding calculated energies. The calcula-
tions are carried out using the tagged photon energy and
the detected nucleon angle or scattered photon angle and
assuming the kinematics of Compton scattering by the
proton in case of a hydrogen target or the kinematics of
Compton scattering in the center of the quasi-free peak
[7] in case of a deuteron target. As an example panel c
of Fig. 2 shows the scatter plot of proton events obtained
with 200MeV− 400MeV photons incident on a deuterium
target. Two separate regions containing events are visible.
The Compton events are located in a narrow zone around
the origin (Emissγ = 0, E
miss
p = 0), the (γ, π
0) events in
the dark range at larger missing energies. For the further
evaluation each point in the panel was rotated (moved on
a circle centered in the origin) until the thick solid line
became perpendicular to the abscissa. This has the ad-
vantage that projections of the data on the new abscissa –
denoted by Emissrot – can be used for further analysis with-
out loss in the quality of the separation between the two
types of events.
The benefits of this procedure are illustrated in Fig.
2. Panel a shows numbers of proton events from a proton
target versus the measured missing energy of the scat-
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Fig. 3. Typical spectra of events obtained with the deuteron
target shown for the recoil proton (left panels) and recoil neu-
trons (right panels). The data from the two dimensional plot
have been projected on to the abscissa after the rotation de-
scribed in the caption of Fig.2 and in the text. The solid curves
are the results of a Monte Carlo simulation scaled to the Comp-
ton events and the (γ, pi0) events, respectively.
tered photon, given for a narrow energy interval close to
the maximum of the ∆ resonance. In this case we find
very good separation between the two types of events as
in previous experiments carried out with proton targets.
The good separation disappears when proton events of the
same type are taken from a deuteron target. These data
are shown in panel b where it can clearly be seen that
the effects of binding destroy the separation of the two
types of events which was visible in panel a. The separa-
tion can be partly restored when the rotation procedure
is applied as is shown in panel d. This panel contains as a
solid line the same data as the scatter plot of events shown
in panel c but projected on to the abscissa after rotation.
For comparison the broken line shows the same data be-
fore rotation. The comparison of these two lines clearly
demonstrates that the rotation procedure improves the
separation of the two types of events.
Fig. 3 shows typical spectra obtained with the deu-
terium target. The left panels contain proton events, the
right panels neutron events. The different numbers of events
on the two sides are due to the difference between the
SENECA detection efficiency for neutrons (≈ 18%) and
protons (≈ 99%). There is a reasonable separation of the
two types of events in the whole energy range. For the
final separation and for the determination of the numbers
of photopion events a complete Monte Carlo simulation
has been carried out for the processes under consideration.
The results of these simulations shown by solid curves were
scaled to the Compton and (γ, π0) data, thus leading to
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the grey areas in case of the Compton scattering events
and to the white areas in case of the π0 events.
The number of (γ, π0) events which is the number of
events given by the adjusted curves, corresponds to the
integral of the triple differential cross-section in the region
of the quasi-free peak. The following relation has been
used to determine the final triple differential cross-section
in the center of the nucleon quasi-free peak (NQFP):(
d3σ
dΩpi0dΩNdEN
)
NQFP
=
Npi0N
NγNT ǫNR
γpi0
NQFP
, (1)
where Npi0N is the number of coincident π
0-nucleon events
as extracted from the missing energy spectra, Nγ is the
number of incident photons, NT is the number of target
nuclei, ǫN is the nucleon detection efficiency and R
γpi0
NQFP is
a factor obtained by Monte Carlo simulation which relates
the number (γ, π0) events integrated over the distribution
of events to the triple differential cross-section in the cen-
ter of the nucleon quasi-free peak.
4 Theory
In our analysis of the data we used the theoretical model
proposed in Refs. [17,18] and developed subsequently in
Refs. [19,20,21] (see also Refs. [22,23]). The model is based
on the diagrams relevant for the reaction on the kine-
matic conditions under consideration. The main graphs
contributing to the reaction amplitude in the quasi-free
region are displayed in Fig. 4. Graph 4a) describes quasi-
free photoproduction from the nucleon N1. It is expected
to be dominant when the momentum of the nucleon N2
is sufficiently small (.
√
mEb where Eb = 2.2246 MeV
is the deuteron binding energy and m the nucleon mass).
This corresponds to the so-called nucleon quasi-free peak
(NQFP) region. The non-interacting nucleon N2 in this
graph is often referred to as a spectator.
The final nucleons can interact with each other through
the mechanism displayed in graph 4b), describing the so-
called final state interaction (FSI). This graph was found
to be of great importance for many processes involving
deuteron disintegration, including the reaction γd→ πNN
(see Refs. [17,18,19,20,21,23]). The big effect of FSI is
mainly caused by NN -interaction in the s-wave at small
relative momenta (. 200 MeV/c) of the NN -pair. Such
small relative momentum is provided under the kinematic
conditions of small incident energies and/or forward an-
gles of a third particle in the final state, which is the pion
in our case. Of the two s-wave final-states, 1S0 and
3S1,
the repulsive isosinglet np-wave 3S1 proved to be the more
important one, leading to a decrease of the cross-section
due to FSI. Experiments on semi inclusive π0 photopro-
duction in the reaction d(γ, π0)np [24,25] clearly confirm
these properties of FSI. Since our experiment covers the
kinematic region where the relative momentum of the np-
pair ranges from 140 to 270 MeV/c we expect that FSI
gives a noticeable contribution at the beginning of the en-
ergy interval and decreases in importance with increasing
photon energy.
a) b)
c) d)
e) f)
Fig. 4. Graphs contributing to the reaction γd→ pi0np. The
set of graphs where N1 ↔ N2 is not shown in the figure.
The pion (neutral or charged) produced in the γN →
πN -vertex can be scattered by the spectator nucleon as
displayed in graph 4c). Although the detailed investigation
of the reaction γd→ π−pp performed in Refs. [17,18] has
shown that there exists a kinematic region where the dia-
gram 4c) can give a noticeable contribution to the ampli-
tude in the ∆ region, usually the effect of πN -rescattering
is smaller than that of NN -rescattering. In our previous
paper [19] we found the contribution of graph 4c) in the
NQFP region to be of minor importance at energies from
250 to 400 MeV.
It is known that two-loop diagrams can be important
for the description of the reaction γd→ πNN under cer-
tain kinematic conditions. For instance, the graph 4d)
proved to give a big contribution to the inclusive pro-
cess d(γ, π0)np in the threshold region (see Ref. [20]).
This result can be easily understood if one takes into ac-
count that the threshold electric dipole amplitude E0+ of
charged pion photoproduction which is contained in the
upper block of this graph, is about 30 times larger in ab-
solute numbers than those for neutral channels. With in-
creasing photon energy this effect is expected to decrease
in importance. Nevertheless, we will take it into account.
A significant modification of the reaction amplitude
through s-wave interaction of the NN-pair may not only
occur in the final state but also in the intermediate state
by the mechanism displayed in graph 4e). This was previ-
ously demonstrated in Refs. [17,18] in the analysis of the
reaction γd → π−pp where it was shown that of the two
possible s-wave interactions, 1S0 and
3S1, the isosinglet
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3S1-state is dominant. We have observed the same result
in our model. It should be noted that, for example in the
pQFP region, almost the total contribution from the graph
4e) stems from the configuration where the nucleon N1 is
the neutron, i.e. this nucleon has a small momentum. In
such a situation, the kinematics allows both the deuteron
wave function (DWF) and np-scattering amplitude to act
simultaneously in the low momentum regime where they
are strongly enhanced.
There is one further two-loop contribution due to πN -
rescattering both in the intermediate and final states and
this is displayed in diagram 4f). Since the πN -scattering
amplitude is smaller than the NN -scattering amplitude
we expect this diagram to be less important in compar-
ison with e.g. diagram 4d). Below we will see that the
latter gives only a few percent contribution to the differ-
ential cross-section. Therefore, the diagram 4f) can safely
be disregarded. The smallness of the contribution of this
diagram to the amplitude of the reaction γd → π−pp in
the ∆ region was also mentioned in Refs. [17,18].
All details of the calculations in the extended model,
i.e. including the graphs c) to f) of Fig.4, will be pub-
lished elsewhere [26]. Here we mention only the following.
The pion photoproduction amplitude was taken in the on-
shell form and calculated with the SAID [27] and MAID
[28] multipole analyses. Below we will use the most re-
cent SAID SM02K and MAID DMT2001 solutions. The
off-shell corrections are expected to be small in the NQFP
region so that the use of the on-shell parametrization for
the amplitudes is quite justified.
A model of the NN -interaction is needed to calculate
the DWF and the NN -scattering amplitude when evalu-
ating the diagrams. We checked three versions of the Bonn
OBEPR model [29,30], the CD-Bonn potential [31], and
a separable approximation [32,33] of the Paris potential
[34]. Our observation is that the results obtained with all
the potentials are practically the same so that in the fol-
lowing we will present our results with the most recent of
them, namely with the CD-Bonn model.
The πN -scattering amplitude was calculated in a meson-
exchange model [35,36] constructed in the three-dimensional
Bethe-Salpeter formulation. To take into account the off-
shell nature of the intermediate pion, we supply its prop-
agator by a dipole-like form factor, Fpi(qon, qoff ) = (Λ
2
pi +
q2on)
2/(Λ2pi+ q
2
off)
2 with qon (qoff ) being the on-shell (off-
shell) momentum of the intermediate pion. Introducing
the form factor ensures also the convergence of the inte-
grals over the pion off-shell momentum qoff which emerge
in the evaluations of graphs 4c)-d). The value of the cut-
off parameter Λpi is usually treated as a free parameter
which is adjusted to provide the best description of the
reaction under consideration. It is not surprising that in
the literature there exists a great variety of numerical val-
ues for Λpi. We use two different choices for it. The first
one is a very soft form-factor (Λpi = 440 MeV) which was
used in Refs. [37,38] to give the best fits to the π0 photo
and electroproduction data in the threshold region as well
as to the ∆(1232) resonance multipole M
(3/2)
1+ over a wide
energy range. The second one is a very hard form-factor
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Fig. 5. Contributions of the graphs in Fig. 4 to the triple dif-
ferential cross-section of the reaction γd→ pi0np in the CpQFP
(upper figure) and the CnQFP (lower figure). Dotted curves:
pole proton (upper figure) and neutron (lower figure) diagrams
(graph 4a). Successive addition of graphs 4b), d), and e) gives
the dashed, dash-dotted, and solid lines, respectively. The con-
tribution from graph 4c) is small and is not shown in the figure.
All the curves are obtained for Λpi = 440 MeV. The total results
for Λpi = 1720 MeV is shown in dash-double-dotted curves.
(Λpi = 1720 MeV) used in Ref. [31] for the construction of
the CD-Bonn potential. We found, however, that the vari-
ation of Λpi from 1000 MeV to 1720 MeV practically does
not change the results. Moreover, for Λpi > 1000 MeV one
can safely put the form factor Fpi(qon, qoff ) to be equal to
1. In actual calculations, the upper limit of the integrals
was taken to be pmax = 1000 MeV/c but its replacement
by pmax = 500 MeV/c changed the cross-sections by less
than 3%.
Contributions of separate diagrams to the triple differ-
ential cross-section of the reaction γd → π0np are shown
in Fig. 5. The effect of FSI manifests itself in a noticeable
reduction of the cross-section. The size of this reduction
ranges from 20% at 200 MeV, and 5% at 300 MeV, to 2%
at 400 MeV in the center of the proton quasi-free peak
(CpQFP). In the center of the neutron quasi-free peak
(CnQFP) one has the same numbers. It is interesting to
note that the numbers given above were also obtained by
us for the relative FSI contribution in the case of the reac-
tion γd→ γ′np [11]. The effect of πN -rescattering (graph
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4c)) does not exceed 1% and is not shown in Fig. 5. The
inclusion of graph 4d) leads to a decrease of the cross-
section by 6% at 200 MeV, 2% at 300 MeV, and 0.5%
at 400 MeV. These numbers are practically independent
of the Λpi value. A further reduction of the cross-section
below 320 MeV is due to the contribution of diagram 4e).
The reduction is quite visible, being about 15% from 200
to 260 MeV and reducing further to 8% at 300 MeV. These
numbers are obtained for Λpi = 1720 MeV. For Λpi = 440
MeV they are 12% and 2%, respectively. Above 320 MeV
one observes some increase of the cross-section after in-
clusion of graph 4e). The total contribution of one-loop
and two-loop diagrams is –30%, –15%, and +6% at 200,
300, and 400 MeV, respectively, if one takes 1720 MeV
for Λpi. With Λpi = 440 one has almost the same numbers
at 200 and 400 MeV but at 300 MeV the decrease of the
cross-section is noticeably smaller being about –9%.
The measured triple differential cross-section,
d3σ/dΩpidΩpdEp (here Ep and Ωp are the kinetic energy
and solid angle of the proton), in the CpQFP can be re-
lated to the differential cross-section of pion photopro-
duction on the “free” nucleon, dσ/dΩpi, via a spectator
formula
dσ(γp→ π0p)
dΩpi
=
(2π)3
u2(0)
Eγ |qpi |2
|pp|Efγ (εpiqpi · pp − εpµ2)
d3σ(γd→ π0pn)
dΩpidΩpdEp
, (2)
where u(0) is the S-wave amplitude of the DWF at zero
momentum (the D-wave component of this function does
not contribute at zero momentum), qpi is the pion 4-mo-
mentum, µ is the pion mass, pp is the proton 4-momentum.
Efγ is the lab photon energy corresponding to free-pion
photoproduction
Efγ =
(pp + qpi)
2 −m2
2m
= Eγ − Eb
(
1 +
Eγ − Eb/2
m
)
.
(3)
In the case of quasi-free pion photoproduction on the neu-
tron, one has a formula analogous to that of Eqs. (2) and
(3) but with the replacement p↔ n.
Equation (2) is valid for the pole diagram contribution
(Fig. 4a) only. Therefore, in order to make Eq. (2) valid
for practical applications the r.h.s. of this equation has to
be multiplied by a factor f(Eγ , θγ) = d
3σpol/d
3σtot (see
analogous discussion in Ref. [11]). Here, d3σpol stands for
the contribution of the pole (proton or neutron) diagram
to the total differential cross-section d3σtot for which all
the diagrams a)-f) have been taken into account.
5 Discussion of the Results
Results for the triple differential cross-section of the re-
actions d(γ, π0p)n and d(γ, π0n)p in CpNQFP and Cn-
QFP at θlabpi = 136.2
◦ are given in Tables 1 and 2, respec-
tively, and displayed in Fig. 6. Also in this figure we show
theoretical predictions in the framework of the model de-
scribed above. The area filled by the curves gives the size of
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Fig. 6. Triple differential cross-section of the reaction
d(γ, pi0p)n (upper figure) and d(γ, pi0n)p (lower figure) in
the center of the NQFP at θlabpi = 136.2
◦. Results for the
MAID2001 solution are shown in dash-dotted (with Λpi = 440
MeV) and solid (at Λpi = 1720 MeV) curves. Corresponding
results for the SM02K solution are given in dashed and dotted
curves.
uncertainties of the theoretical model. One can see good
agreement between the experimental data and theoreti-
cal predictions below 320 MeV. This agreement, however,
vanishes above the ∆-peak. At present we do not know the
reasons responsible for the disagreement. For instance, the
effect of N∆-interaction omitted in our theoretical model
was shown in Ref. [39] to be of no importance in the ∆-
region at backward angles. Further theoretical efforts are
needed to shed light on the above situation.
Using Eq. (2) with the correction factor f(Eγ , θγ) in-
cluded, we can extract the free-nucleon cross-sections from
the corresponding quasi-free data. It should be noted that
the extracted free values are practically independent of the
choice of the multipole analysis of pion photoproduction
so that the only model dependence in these values stems
from their sensitivity to the cut-off parameter Λpi. After
averaging over two sets of results for Λpi = 440 and 1720
MeV we obtain the central numbers given in Tables 3 and
4 and displayed in Fig. 7 to which an uncertainty of about
4% due to the conversion from quasi-free to “free” accord-
ing to Eq. (2) should be attributed. In Fig. 7 we also show
the cross-sections measured with the hydrogen target (see
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Fig. 7. The CM differential cross-section of the free proton
(upper figure) and free neutron (lower figure) at θcmpi = 147.5
◦.
The present free data measured with the hydrogen target are
shown as open circles. Present “free” data extracted from
cross-sections for the bound nucleon are shown as filled circles.
Also shown are the available data from hydrogen targets from
Refs. [40] (), [41] (△), and [42] (♦) measure with a hydrogen
target. The solid and dashed curves represent results obtained
from the MAID2001 and SM02K solutions, respectively.
Table 5) and compare them with the data obtained in
other experiments [40,41,42] and with the predictions of
the multipole analyses. Reasonable agreement between all
data sets is seen up to the ∆-peak. All of them fairly well
correspond to the SM02K solution and are slightly above
the predictions of the MAID2001 solution. However, above
320 MeV our quasi-free data points for the proton lie sig-
nificantly below both all the free data and the multipole
predictions. Of course, this has to be expected from the
unsatisfactory description of the quasi-free data above 320
MeV mentioned above. The free-neutron cross-sections are
consistent with the multipole predictions at all energies ex-
cept for 377 MeV where the measured value is noticeably
smaller than the predicted one.
As has been mentioned in the introduction, the ex-
perimental information on the γn → π0n channel is very
sparse. Up to now there has been only one measurement
of the differential cross-section in the ∆-region [6] which
covered the angular region from 70◦ to 130◦. In Fig. 8 we
show the angular distribution of the cross-section at 300
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Fig. 8. The angular dependence of the CM differential cross-
section of the reaction γn→ pi0n at 300 MeV. The present data
point is shown as the filled circle. Data from Ref. [6] are shown
as empty circles. Solid and dashed curves represent results of
the MAID2001 and SM02K solutions, respectively.
MeV. One can see that the data from [6] and from the
present paper are consistent with each other in the sense
that they are in agreement with the predictions of the
same multipole analyses. But a significant improvement
in the accuracy of the present experiment in comparison
with that of Ref. [6] is evident.
6 Conclusion
The energy dependence of the triple differential cross-
section for π0 photoproduction from the proton and neu-
tron in deuterium and the free photoproduction cross sec-
tion from the proton have been measured in the same
kinematics at θlab = 136.2◦. For the first time accurate
“free” cross-sections have been extracted for the proton
and the neutron from the quasi-free data in the ∆ region,
using an extended model for the conversion developed in
the present work. Applying this model to the proton “free”
cross sections are found to be in good agreement with the
present and previously measured free cross-sections and in
reasonable agreement with theoretical predictions based
on multipole analyses below 320 MeV. For the neutron
no previous data are availble to compare with. The “free”
neutron cross sections obtained here also reasonably agree
with theory up to 320 MeV. At higher energies there is sig-
nificant disagreement for both proton and neutron which
is not presently understood.
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Table 1. The energy dependence of the triple differential cross-
section of the reaction d(γ, pi0p)n in CpQFP at θlabpi = 136.2
◦.
The statistical error is given. The systematic experimental er-
ror amounts to 4.4%.
Eγ ,MeV
(
d3σ
dΩpidΩpdEp
)CpQFP [
µb
MeV sr2
]
254.3 3.61 ± 0.04
273.5 5.42 ± 0.05
292.7 7.88 ± 0.05
312.0 9.67 ± 0.06
331.2 9.78 ± 0.07
350.4 8.66 ± 0.09
369.4 6.88 ± 0.09
388.5 5.27 ± 0.08
Table 2. The energy dependence of the triple differential cross-
section of the reaction d(γ, pi0n)p in CnQFP at θlabpi = 136.2
◦.
The statistical error is given. The systematic experimental er-
ror amounts to 9.0%.
Eγ ,MeV
(
d3σ
dΩpidΩndEn
)CnQFP [
µb
MeV sr2
]
211.1 0.33 ± 0.02
230.2 0.87 ± 0.03
249.4 1.80 ± 0.04
268.7 3.15 ± 0.06
287.9 5.64 ± 0.08
307.2 7.67 ± 0.10
326.4 8.96 ± 0.12
345.6 8.65 ± 0.15
376.5 6.50 ± 0.11
Table 3. The energy dependence of the differential cross-
section of “free” proton pi0 photoproduction extracted from
quasi-free data at θlabpi = 136.2
◦. The statistical error is given.
The systematic experimental error amounts to 4.4%. The er-
ror of the conversion of quasi-free cross sections to “free” cross
sections amounts to 4%.
Efγ [MeV]
dσ
dΩlabpi
[
µb
sr
]
θcmpi [deg]
dσ
dΩcmpi
[
µb
sr
]
251.5 5.43 ± 0.06 146.7 8.54 ± 0.09
270.6 7.07 ± 0.06 146.8 11.23 ± 0.10
289.8 8.73 ± 0.05 147.1 14.04 ± 0.08
309.0 9.84 ± 0.06 147.3 16.04 ± 0.10
328.2 8.12 ± 0.06 147.6 13.42 ± 0.10
347.3 6.36 ± 0.07 147.8 10.67 ± 0.12
366.3 4.59 ± 0.06 148.1 7.82 ± 0.10
385.4 3.26 ± 0.05 148.4 5.64 ± 0.09
Table 4. The energy dependence of the differential cross-
section of “free” neutron pi0 photoproduction extracted from
the quasi-free data at θlabpi = 136.2
◦. The statistical error is
given. The systematic experimental error amounts to 9.0%.
The error of the conversion of quasi-free to “free” cross sec-
tions amounts to 4%.
Efγ [MeV]
dσ
dΩlabpi
[
µb
sr
]
θcmpi [deg]
dσ
dΩcmpi
[
µb
sr
]
208.4 0.78 ± 0.04 146.7 1.22 ± 0.08
227.4 1.68 ± 0.05 146.5 2.62 ± 0.09
246.6 3.02 ± 0.06 146.6 4.74 ± 0.11
265.8 4.53 ± 0.08 146.8 7.17 ± 0.14
285.0 6.86 ± 0.09 147.0 10.99 ± 0.16
304.3 8.11 ± 0.10 147.2 13.17 ± 0.18
323.4 8.07 ± 0.10 147.5 13.29 ± 0.18
342.6 6.80 ± 0.12 147.7 11.36 ± 0.20
373.4 4.34 ± 0.08 148.2 7.43 ± 0.12
Table 5. The energy dependence of the differential cross-
section of the reaction p(γ, pi0)p at θlabpi = 136.2
◦. The statisti-
cal error is given. The systematic experimental error amounts
to 4.4%.
Eγ [MeV]
dσ
dΩlabpi
[
µb
sr
]
θcmpi [deg]
dσ
dΩcmpi
[
µb
sr
]
254.3 5.32 ± 0.08 146.7 8.38 ± 0.13
273.5 7.62 ± 0.11 146.9 12.13 ± 0.18
292.7 9.79 ± 0.10 147.1 15.77 ± 0.16
312.0 11.06 ± 0.12 147.3 18.07 ± 0.20
331.3 9.89 ± 0.10 147.6 16.39 ± 0.17
350.4 7.91 ± 0.09 147.9 13.31 ± 0.15
369.4 5.70 ± 0.08 148.1 9.74 ± 0.14
388.5 4.08 ± 0.07 148.4 7.08 ± 0.12
407.4 2.96 ± 0.06 148.7 5.22 ± 0.11
427.3 2.10 ± 0.05 149.0 3.76 ± 0.09
448.3 1.46 ± 0.04 149.3 2.66 ± 0.07
469.0 1.11 ± 0.04 149.5 2.06 ± 0.07
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